In continuation of previous studies on glandular exudates of Primula, we analyzed eleven so far unstudied species and several populations for exudate composition. Unsubstituted flavone and unusually substituted flavones, normally predominant in Primula exudates, were not detected in all of the analyzed samples. Instead, some species exhibited regular substituted flavonoids, and in some cases, no flavonoids could be detected at all. The detection of a diterpene (1) in P. minima exudates is new to Primula. On basis of MS and NMR, 1 was structurally characterized as ent-kaur-16-en-19-oic acid. Comparative profiling of exudates as performed by HPLC and TLC against authentic markers indicated further the presence of the benzoquinone primin and derivatives in some exudates. Thus, exudates of newly studied species contrast markedly with those analyzed so far. The significance of observed exudate diversification is discussed in view of the phylogeny of derived lineages in European alpine regions.
In preceding studies on different subgenera of Primula L., exudates were investigated for their chemodiversity [1] [2] [3] and also for the micromorphology of glands as their production site [4] . These exudates may be found on leaves, stems, calyces or inflorescences and are either of mealy (farina) or oily appearance [2] . Earlier, unsubstituted flavone and flavones with unusual substitution patterns, named as Primula-type flavonoids because of their yet unknown biosynthesis, were found as major exudate constituents [1, 2] . The same compounds are also found in exudates of the closely related genus Dionysia Fenzl, but some Dionysia species also accumulate regular flavonoids in their exudates [5] . However recent publications indicate that some European Primula species also are able to produce flavonoids derived from the regular biosynthetic pathway [6, 7] . Exudates are produced by glandular trichomes that can vary in size, shape and color [4, [6] [7] [8] . The production of farina is correlated with seasonally low temperatures and it is produced from winter to spring in large quantities. It has been demonstrated that unsubstituted flavone of the exudate increases the freezing tolerance [9] . Primula is a genus of about 500 species which is mostly distributed in the Sino-Himalayan region, comprising 7 subgenera and 37 sections [10, 11] . Biogeographically, the center of origin is assumed to be in the Sino-Himalayan region, with an estimated age of about 30 million years and the majority of species found there. The lineages occurring in Europe and N-America consist of a smaller number of species that are considered to be phylogenetically derived [12, 13] .
The present study focuses on species of subgen. Auriculastrum Schott sect. Auricula Duby, a group that is endemic to Central and S-European mountain ranges with no apparent relationships to other European lineages. Relationships are expected rather with sect. Parryi W.W. Smith ex Wendelbo (North America) and sect. Cuneifolia Balf (East Asia-North America) [10] . In this study seven species from sect. Auricula were analyzed for the first time for exudate diversification, considering infraspecific variation whenever possible. Results are compared to those of four Turkish taxa from other taxonomic groups (subgen. Aleuritia (Duby) Wendelbo and subgen. Primula L.), not studied so far. Observed flavonoid profile diversification is discussed in relation to literature data and compared to that of the closely related genus Dionysia, particularly in view of the production of non-Primula-type flavonoids. In addition, ecological significance of pattern variation is briefly addressed.
Representatives and new accessions from subgen. Auriculastrum, subgen. Primula and subgen. Aleuritia were analyzed for exudate profile composition. Major compounds detected comprise a series of well-known Primula-type flavonoids, ranging from unsubstituted flavone to unusually substituted flavones described before [1] . Surprisingly, regular substituted flavones and flavanones as well as derivatives of the flavonol kaempferol were detected for the first time in exudates of the studied species, which are new reports for the genus Primula. So far, regular substituted flavonoids do not cooccur with Primula-type flavones and thus appear to be mutually exclusive. Some exudate profiles revealed predominance of primin and benzoquinone derivatives corresponding in their UV-spectra to that of primin, a constituent well known for Primula [14] . The diterpene acid (1) is found in exudates of Primula species for the first time. Variation of profile composition within single species is observed in some cases, thus questioning the usability of exudate compounds as chemical characters. The results and data extracted from literature are compiled in Table 2 and discussed against the phylogenetic background of the studied species.
The occurrence of ent-kaur-16-en-19-oic acid (1) ( Figure 1 ) in exudates of Primula species is a striking new feature, as only sesquiterpenoids have been described from leaf oils of some Primula taxa so far [6, 7] . Earlier, 1 was reported as exudate constituent in farinose ferns such as Notholaena peninsularis and N. pallens [15] . Compound 1 was further reported from resinous exudates of some Pseudognaphalium spp. (Asteraceae), where its presence had been correlated with antimicrobial activity [16] . Occurrence in both farinose (ferns) and hardly farinose (P. minima) excretions is remarkable and may point to a specific function.
Further sources of 1 are fruits of Anonna glabra (Annonaceae) [17] or roots of different Smallanthus species (Asteraceae) [18] . Padla et al. demonstrated antifungal activity for this compound [19] . Notably, 1 serves as biosynthetic precursor of the plant hormones gibberelins [20] . 13 C NMR spectrum, a HMBC and a 1 H NMR indicated compound 1 to consist of two methyl groups, ten methylene groups, three methine groups and five quaternary carbon atoms. The 1 H and 13 C chemical shifts as well as the 2D NMR spectra indicate an annulated tetracyclic system carrying two methyl groups (C-18, C-20), a carboxyl group (C-19) and an exo-methylene group (C-17). 2D TOCSY and COSY show the presence of four separated 1 H spin systems, namely between C-1, C-2 and C-3; between C-5, C-6 and C-7; between C-9, C-11, C-12, C-13 and C-14 as well as the separated C-15. 2 J C-H and 3 J C-H long range couplings determined from HMBC present the interaction from H-20 to C-1, C-5, C-9 and C-10 as well as the interaction from H-18 to C-3, C-4, C-5 and C-19. These indicate two annulated sixmembered rings carrying the methyl groups in positions C-4 and C-10, respectively and the carboxyl group on C-4. The protons of the exo-methylen group C-17 have long range couplings to C-13, C-15 and C-16, which indicate its position on C-16. Further, C-8 has amongst others couplings to H-7, H-9, H-14 and H-15. The identity of 1 was confirmed by direct comparison with authentic sample [15] .
These spectroscopic data allow the conclusion that the investigated compound is known ent-kaur-16-en-19-oic acid (1) . Its presence was confirmed by the use of combined CSEARCH and SPECINFO database system for spectral similarity searches by application of the SAHO-protocol [21] . All recorded spectroscopic data are in good agreement with earlier reported values [22] . The absolute configuration of the isolated compound 1 has hence not be proven, but was supposed to congruent with ent-kaur-16-en-19-oic acid (1) isolated earlier from other sources. NMR spectroscopic data are summed in Table 1 and the structure is shown in Figure 1a . Members of subsect. Cyanopsis (Schott) Pax, comprising ten species, and subsect. Euauricula Pax with fifteen species, show highest species diversity in the Alps, and are all hexaploid or hypohexaploid. Chromosome numbers based upon x=11 can be quite high, amounting to 2n= 198 as e.g. for P. clusiana Tausch, and they may vary within species. Members of subsect. Euauricula have papillose seed surfaces and bracteose bracts, differing from those of subsect. Cyanopsis with smooth seed surfaces and foliose bracts [10] .
The exudate profiles of eight studied species of subsect. Euauricula (EUA in Tab. 2) are quite diversified. Thus, Primula-type flavones, flavonoids derived from the regular biosynthetic pathway, as well as primin and benzoquinone derivatives are the main accumulation tendencies observed here. The occurrence of Primula-type flavones and of flavonoids derived from the regular biosynthetic pathway appears to be mutually exclusive, while primin and its benzoquinone derivatives may co-occur with regular flavonoids. Two collections of P. daonensis Leyb. yielded benzoquinone derivatives that appear as a cluster of peaks between approx. 20-27 min in the HPLC chromatogram showing UV-spectra similar to the known compound primin, as illustrated for P. pedemontana Thom. ex. Gaudin (see Figure 2 ). Primin and its benzoquinone derivatives are known to appear with different alkyl side chains [23] , this would explain the high number of peaks with same UV spectra but different retention times. Earlier, this species was studied for flavonoid glycosides and exudates [8] , but the exudate composition was not specified. The depicted UV-spectrum points to a flavonol derivative that was not detected in the present samples. A predominance of the Exudate profiles in selected Primula lineages Natural Product Communications Vol. 11 (5) 2016 587 benzoquinone derivatives is obvious in exudates of P. pedemontana, P. villosa Wulf. and P. hirsuta All. which are all characterized by reddish-brownish glands that appear to be correlated to primin production [24] . Interestingly, these taxa were formerly grouped in sect. Erythrodrosum Schott, a taxonomic entity currently not recognized [10] . In addition to these compounds, an unidentified flavonoid (F1 in Tab. 2) was present in the exudate of P. pedemontana, while accessions of P. hirsuta showed conspicuous variation in profile composition. Thus, the exudate of accession 7 from July is dominated by unsubstituted flavone, followed by lower amounts of 2'-OH-5'OAc-flavone in addition to the benzoquinone mixture. A switch from the typical Primula-type flavonoids to those from the classical biosynthetic pathway is observed for the P. hirsuta collections 6 and 7 from August, with benzoquinone derivatives and apigenin as main compounds, accompanied by lower amounts of kaempferol, kaempferol-3-Me, apigenin-7-Me and the flavanone naringenin.
Earlier studies did not indicate the presence of primin or benzoquinone derivatives in a cultivated sample (P. hirsuta a , Tab.
2) [2] . Naringenin 7,4'-diMe was finally detected in P. villosa exudate after prep. chromatography in addition to dominating benzoquinone derivatives. These regular substituted flavonoids are reported here for the first time as exudate constituents of Primula species. The significance of profile variation within P. hirsuta could either be related to geographic origin or to different collection dates. For the production of flavone, it is known that seasonal variation may exist as is shown for the unrelated P. denticulata Sm. (D. Elser, in prep.), which would favor the assumed function of flavone being involved in cold tolerance [9] . However, this does not explain the shift from Primula-type flavones to those derived from the regular biosynthetic pathway. [7] , which is somewhat surprising. Both species, however, differ in the composition of leaf essential oil, with the acetophenone paeonal as predominant constituent in P. albenensis oil and sesquiterpenes in that of P. auricula. Earlier studies on P. auricula describe a different exudate composition [1] thus indicating infraspecific variability. Taken together, this subsection is chemically quite diversified and consistent profile composition appears to be not the rule even within single species. In earlier studies on P. palinuri Petagn. calyces [1] , a rich exudate profile based upon Primula-type flavones was indicated. This species is rather distant to P. auricula in the molecular phylogenetic tree [10] which might correspond to observed chemical differences.
Exudates from five of the studied species of subsect. Cyanopsis revealed the presence of not only the Primula-type flavones, but also of compounds not known from Primula so far. Earlier studies could not detect any flavonoid compound in the exudates of P. minima L., P. wulfeniana Schott, and P. clusiana, respectively, but indicated the presence of unknown structures [2] . From exudates of P. minima (collection 14), the diterpene ent-kaur-16-en-19-oic acid (1) (Figure 1 ) could now be isolated and structurally determined. In addition, five yet unidentified compounds were detected and are assumed to be related structures, as suggested by UV-spectra (unknown compds. in Tab. 2). Low amounts of exudate, however, prevented isolation and further purification. Interestingly, no flavonoids originating from the regular biosynthetic pathway were detected in this group in our study. This is contrary to the report on endemic P. spectabilis Tratt. accumulating the flavonol quercetin 7,3',4'-trimethyl ether only [6] , a species clustering together with the chemically different P. glaucescens Moretti non Reichb. in the phylogenetic tree (Tab. 2) [10] . Exudates of P. glutinosa Wulf. yielded three different dihydrochalcones in previous studies [3] , of which 2,2'-dihydrochalcone could be detected together with 5-OHflavone in a recollection from the same locality (No. 9 in Tab. 2,3), thus providing a further example of profile variation.
Collections of P. minima, a species of disjunct distribution occurring on the Eastern Alps and on various Eastern mountain ranges such as the Carpathians, Tatras, and Rila mountains, showed inconsistent exudate composition in collections from various locations in Austria. Exudate composition of a herbarium collection from Salzburg (No. 10 in Tab. 2, 3) proved to correspond largely to that of P. glaucescens, accumulating unsubstituted flavone and some other Primula-type flavones. Herbarium collection 11 from Styria, on the other hand, showed flavone as the only exudate constituent. All of the other studied populations come from Carinthia, and they deviated by producing the unknown compounds possibly derived from 1 (Tab. 2). Populations from Carinthia were found to be separated in a phylogenetic tree from those of Eastern Europe [10] , so the observed exudate diversification might reflect this alignment. It must be mentioned that differences may also be related to the source of collection, originating either from natural habitats (12-15 in Tabs. 2, 3) or from herbarium specimens (collections 10 and 11) sampled at different times of the growing season. Preceding studies in other species, however, did not indicate striking chemical differences between natural collections and old herbarium material. Generally, exudate flavonoids are quite stable and farina is normally well preserved [2] . Extended studies, both on additional plant material from different locations, considering equally seasonal variation, are required to assess the significance of pattern variation in P. minima. Primula integrifolia L. exudate contained only unidentified compounds and no flavonoids, which was similarly observed for P. clusiana, both species part of the same clade [10] . Some congruence is apparent between our results and those of the phylogenetic study of Zhang and Kadereit [10] . Thus, primin and benzoquinone derivatives occur in members of two of the more derived clades of subsect. Euauricula, while Primula-type flavonoids are typical for the more basal clades in which the type species P. auricula is placed. Lack of flavonoids and presence of diterpenes is found in some members of subsect. Cyanopsis. The accumulation of regular substituted flavones and flavonols appears to be more common in subsect. Euauricula (Tab. 2). Earlier, P. rusbyi Greene from the closely related sect. Parryi, was studied and found to accumulate Primula-type flavonoids only [1] . Further studies are needed to analyze profile diversification for a better insight into the diversification patterns in geographically separated sections and lineages within subgen. Auriculastrum.
The other species studied here (Tab. 2) were collected in different locations in Turkey and belong to other and distant taxonomic groups of Primula. The exudate flavonoid profiles observed for members of subgen. Aleuritia fall well in the range of expected composition, with unsubstituted flavone as main compound and the typical 5-OH-flavone derivatives in addition (Tab. 2). Thus, profile composition of P. longipes Freyn & Sint. exudate fits well to those of the earlier studied P. megalocarpa Hara and P. macrophylla D. Don (sect. Crystallophlomis (Rupr.) Federov) and P. specuicola Rydb. and P. darialica Rupr. (sect. Aleuritia) [2] . 11 CYA • minima 12 CYA • minima 13 CYA • minima 14 CYA x • minima 15 CYA • clusiana 16 CYA • integrifolia 17 CYA • longipes 18 CRY 19 AL • x x x elatior subsp. pallasii 20 PR • x x • elatior subsp. meyeri 21 PR • x Legend to Table 2 . The exudate profiles of two members of subgen. Primula are hardly distinguishable from those of the other members of subgen. Aleuritia studied here (Tab. 2). However, striking diversifications between subspecies of P. elatior Hill of Central Europe and their Turkish relatives were detected in exudate composition. While European P. elatior exudates contain a series of 3´,4´,5´trisubstituted flavones [1] , compounds of this type could not be detected in the present study. Recent phylogenetic studies indicate that P. elatior is genetically heterogenous and non-monophyletic [25] . It would be interesting to study the phylogenetically analyzed samples in parallel for exudate diversification, to test for the hypothesis of younger lineages diversifying from the otherwise quite monotonous profiles of their Asian ancestors.
The significance of exudate diversification within Primula is still somewhat obscure, and reasons may be both at the functional level and/or the phylogenetic history of single groups. Infraspecific changes in exudate composition may be the result of seasonal responses as mentioned by Isshiki et al. [9] on the example of unsubstituted flavone. Primula hirsuta clearly shows this pattern, with the collection 7 from July dominated by flavone and collections 5 and 6 (later in the season), showing a switch to the production of regular flavonoids (Tab. 2). Similarly, accessions of P. minima differed in the presence/absence of flavone. Preliminary results indicate seasonal variation in flavone production in exudates of cultivated P. denticulata, coinciding with a loss of the densely cover of farina in spring (D. Elser, pers. comm.). A similar observation was made for farina production of P. malacoides Franch. [9] , and much earlier, the impact of abiotic factors such as wind, snow, or rain was suggested as cause for disappearance of farina in P. auricula [26] . This could serve as one explanation of the inconsistency in accumulation of specific compounds and of the absence of flavone in some of the investigated species. It would be interesting to see if this dynamics in accumulation is typical for derived lineages of Primula.
The exudates of Primula seem to serve multiple functions according to the needs of adaptation to the environment. One proven function is the already mentioned freezing tolerance. Another function seems to be the protection against UV irradiation as generally known from flavonoids [27] . Some of the compounds such as dihydrochalcones or diterpenes might protect against fungi or other pathogens [3, 16, 19] . The flavones of Primula denticulata have also been shown to have cytostatic properties [28] which might limit the growth of pathogens. Although the studied species occur on different soils, so far no correlation can be observed between soil chemistry and exudate composition, as an explanation for primin or terpenoid predominance in exudates, or a shift to flavonoids from the regular biosynthetic pathway.
As suggested previously from studies on the closely related genus Dionysia [5] , a larger degree of diversification, in terms of complexity of exudates may represent a more derived character. This is also indicated by our present analyses, as most of the species Exudate profiles in selected Primula lineages Natural Product Communications Vol. 11 (5) 2016 589 studied now differ clearly from the ones previously studied e.g. [1, 2] . Similarly, both genera have members that obviously do not excrete Primula-type flavonoids or any other flavonoids. Molecular and cytogeographical data suggest that subgen. Auriculastrum sect. Auricula represents a derived lineage which originated about 3.6 million years ago [10] , thus representing a young lineage when compared to the estimated 30 million years of origin of the genus [13] . Parallels become evident when exudate composition of P. hirsuta is compared to that of Dionysia diapensiifolia Boiss., both sharing a similar derived status within the respective genera. Similar tendencies towards production of apigenin, kaempferol, kaempferol-3-Me, apigenin-7-Me and naringenin are observed, with D. diapensiifolia accumulating naringenin-7-Me and kaempferol-7-Me in addition [5] . Therefore, our results are in line with the hypothesis of diversification of exudates (increasing complexity in derived species) proposed earlier for Dionysia [5] . To get more support for this hypothesis, we suggest more species to be analyzed from North America, Europe, as well as the isolated taxon (P. Extraction and isolation: Air dried leaf material was briefly rinsed with acetone. From the herbarium specimens 10 and 11 plants were cautiously unmounted and the leaves were briefly rinsed with acetone, and subsequently remounted. The resulting exudate was filtered, concentrated under reduced pressure at 35°C and then suspended in MeOH for further analysis. When leaf material was too small for rinsing, a small teabag was filled with leaves and shortly dipped into acetone. Phytochemical profiling of exudates (standardized at a concentration of 0.5 mg/mL) and isolation of compounds was performed using HPLC and TLC. Isolated compounds were identified by MS and NMR. UV spectra and retention times obtained from HPLC analysis were compared with those authentic standards obtained from E. Wollenweber (Darmstadt, Germany).
The exudate of P. minima population 12 was first separated in 10 mL fractions via a Sephadex LH-20 column in acetone. The fractions 6, 7 and 8 were combined (14.9 mg) and further separated via MPLC eluted with 350 mL PE/ EtOAc (90:10), 140 mL (PE/:EtOAc (70:30) and 100 mL PE/ EtOAc (60:40) which yielded samples that were not pure enough for structure elucidation. After comparison of profiles of the populations (Nos. 12-15), exudates were combined (~100 mg) and subjected to separation on silica gel, 202 mL PE/ EtOAc/ MeOH/ (70:30:1), 100 mL PE/ EtOAc (60:40) and 100 mL MeOH, to yield 3.2 mg ent-kaur-16-en-19-oic acid (1).
